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COMPAAATIVE RESPONSE OF ALLUVIUM TO HUPKINSON BAR AND GAS GUN LOADING

E. S. Gaffoney and J. A. Brown

Earth and Spece Sciences Division
Los Alamos Natiomal Laboratory
Los Alamos, NM 87345

NTRODUCTION

Low amplitude shock waves in highly dfspezeive media such as dry al-
luvium quickly degenerate into resp wavos. Ona reasult of this behavior is
that standard explosive tachniques used for dynamic testing of such
saterials do not produce data under conditions relevant to most real ap-
plicastions such as confinement of burled explosions or assessment of the
effects of explosions on buried structures. WUe have developed techaiques
for testing solls dynamically at strain rates ramging froms about 104 to
about 10" sec ! in uniaxial strain uveing a Hepkinson bar. This adaite
direct comparison with data from gas gur tesrts vhere strain rates are in
the range of 10“ to 103 sec”l. This, in turn, parsits the separstion of
inertial effects from direct s’.rain-rate affacts. 1In order to assist in
evalustion of the results we hare aleo developed a one dimensional
sicrophysical model of soil.

EXPERIMENTAL NETHODS

A Hopkinson bar is shown schematically iso Figure 1. It consists ee-
sentially of two long, round bars. A cylirdrical specimen fs placed
betwean the two bars and a compressive stres: pulse is genarated at the far
end of one of the bars. This pulse travels the laagth of the bar whare it
is iocident on the sample (hence the term inciden: bar). At the interface
between the incident bar and the specimen, part of the anergy is reflectad
back into the incident tar as a reflacted pulse and part is traasmitted
into the specimen. This lattar continues through the specimen to the other
surface wvheve a portion of it continuas into the other bar (called the
transaittar bar) as a transmittad pulss. The stress pulses in the bars are
reacorded with strain gauges mountad sufficiently distant from sither ead to
prevent overlap of the wavetreine. A momentus trap st the end of the
trangsitter bar prevants sultiple reflections of the *ranamitted stress
wave. The bars temain elsevic during the psssage of tha stress wave so the
strain gauges accurataly reproduce the stress histories in the bars.

Our Nopkinson bar consists of incident and transmitter bars supported
by a tesction frams. Tha bare are 60.) mm diamater, 1.22 m long. maraging
steal with a yield strass of about 2 GPa. Teflon bushiogs in the cross
sembars of the reaction frame eupport the bare at about haslf meter
intervals. Stress waves in the bars are monitored by strain gauge pairs
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Pigure 1. Schematic of Hopkimson bar apparatus.

mouated 0.61 » from the specimen ands. The pairs are rsed io half bridge
configuration to null bending strains. The incident etress pulce is
generated by impact of a projectile from a small gas gun. Projectile
velocity {s mesasured just prior to impact by three pairs of diode lasers
and photodetectors mounted in the mussle of the gun.

The soil studied was alluviua from near Yuma, AZ. The water content
was 3.5 parcent of dry weight, and the initial bulk density was 1770 kg/md.
It wvas necessary to provide radial support merely to keep the specimen in
position for the tes:. Ve have uvesad a thick-walled cylinder of bHronse or
steel wiih an axial hole just slightly larger than the diamater of the bar,
as shown (n Figure 2. This very stiff support has the advantages of being
easy to (mplement and providing a strain path that can be duplicated at
higher and lower strain ratcs - uniaxial etraio. This stralo path also
facilitates data analysis, as we shall show below. Tests with oo samples
have shown that the sleeve carries substantially lass than 0.1 percent of
the stress pulse during loading. Radial strains in this configuratiou are
less than 0.01 percent while there ig still substantial gas-filled porosity
remalining in the solil.

The gas gun used in these tests has a 200 mm bore and is capable of
fiving a 6.3 kg projectile at velocities up to 350 m/sec. The gas gun tar-
get is {llustrated in Figure 3. The sample was compacted in three lifts
18] am ip diameter and 12.7 mm thick with tvu embedded plesorasistive carb-
on streess gauges. The sample was encapsulated in plexiglas. Pine to
measure the prolectile velocity were secured in the plexiglas rings sur-
rounding the radial surface of the target. The plexiglas alio contained
embedded carbon gauges tn me: sure the strese delivered to the sample and
transmitted through {t. The gauges in the plexiglas were separated froe
the sample by 1.3 to 1.6 am. Ino-material gauge packages were made by
encapeulating the carboo gauge (with 13 um of Kapton on esch Jide of the
gauge slement) (o 0.38 am of electronic grade mica sheet on each side,
providing heavy leads (#20 copper) through the plexiglas and wedges of
plexiglas (as shown in Figure 2) to spread the shasr caused by the transi-

tion from soil to plexiglas.
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Figure 2. Hopkinson bar sample holder for soll.
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Pigere 3. Gas gea target.

Both types of data were recorted by multichemmel CAMAC-based wavefors
digitisers (IREE-358) Sti.), with 8-bit resolution. Sasplimg retes were 2
Wiz for the Hopkinson bar emd & MHs for the gun. In bozh cascs tha analog
bandwidth of the recording systes was about 1 MHz. The recorded data weare
sutomatically read by a small microcomputar and stored oo flexible disk for
lstar processing on a larger machine.

ANALYTICAL METHODS

Rav data from both the gas gun experisen®s snd the Hopkinscn bar tasts
wvere in the form of streas histories - at Lagrangian locations for tha
formar and at the interfaces betwees the bars and the samples for the
latcar. We have converted both types of data to stress-straio paths uasing
the Lagrangian snalysis algorithas of Seaman [1]. Since the ges gun data
19 indeed Lagrangian, their treatment is straightforwazrd aud will not be
diecussed further. Howevur, tha treatment of the Hophinson bar data will
be described in soma datail in the remainder of this section.

The s train pulses are shifted in time to coincide with the transit
time to of frow the center of the sample. Ve have uved the method of
Follanesbee and Frants [2]) to correct for rod vave dispersioa. This
pro-ejure slso removes the high frequencies in the dats which are noise.

The velocity messurement at the transmitted intarface can not ba con-
sidered to be u Lagrangian measurement in an unpertucbed flow field.
Howevar, we have been able to convert the data to s Lagrangian, free-fiaeld
egulvalent using a technlque vhiclk relies on observation of the change lo
wave speed vetveen the first vave trsnsmitted through the soll and the
flrat wave Teflectad off tha rear interface. It is usually possible to
determine the velocity of these two wavas from the data; we bhave somstimes
detactad the second raflection arriving at the tranamizter bar.

Consider the expiriment in pressure-particle velocity space as il-
lustrated in figure 4. The strese wave in the bar loads tha steael from the
origin to the peak of the steel load-unload curves. VWhen the vave
encounters the ipcterface. che steel unlosds to the stata designated u,, 'l
which is awl”0 the stata in the soil. However, vheno that wave (or 1i¢h at-
tenuated counterpart) arrives at the rear of the eample, it eancounters
stel that is pot moving, and a raflected state is measured vhich lies at
the intersection of the reflected loading curvea for the eoil and the ini-
tial loading curve for the steel at u_, P_. If the epeed 0! the reflected
wave is o times that of the incident -'".-n find that the ratios are
(ullu-) - (pbbblim:)p.b.) + o/{o+])
and

(PtIP-) - u(o.D.I(n-o-l]prb) + 1/(o+1).

The technique just outlined will wort wall so long -s the loading
curve of the s31l fe fairly smooth end all waves are compressive. If the
loading curvc ia not smooth, the raflection coefficiante juat derived will
not be nearly zonstant, and a siaple sultiplicative factor will mot relate
tha trea-fleld an’ measntred wava forns. This might occur 1if tha soil har s
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Pigure «. Hopkinson bar test of soll iu pressure-particle velocity space.

very sharply defined yield point or wvhen all the gas-filled porosicy has
been eliminated. 1In the former case, the reflection coefficient will
decrease drastically as tha yield point is exceeded, vhereas in the latter
case it will increase aharply. If the incident wave has a rarefaction
phasa, this will likely have a much higher speed than the wave which would
occur upon Lts refleaction from the transmitter bar. This would reeilt io a
very complicated geometric relation 1n the pressure-particle veloclry
plene. A'though a scheme comparable to the one just described coald
probably be developed, this has not beaen accomplished to date.
Consaquencly we treast only the initial losdicg portion of the experiments
hera.

To iliustrate this method, consider the data from the four experimects
shown f{o Figure 3. Two of the experimentcs used a sample 23 mm thick 22
and 2<) and the other two used 13 mm samples. [Experiments 21 and 22 used
the ssme impactor and 23 ana 2« ysed s second impactor. e have analysed
both experiments with the same impactor as a single sxt, scaling the
amplitude of thu data from the 23 mm experiment up or down by the smount
Decedsary to bring the incideat pulses into coincideoce. Incident wave
amplirudes for esch pair 2f exreriments are within 2 pe-cent of the same
value. Data from expsriments il, 2] and 2& ghow that reflections off tne
transmittar bar travel about 1.6 times faster (Lagrangian wave apaed) thun
those incident on that bar; a second reflaction seen ou experimeant 24« shows
a sinilar increase. Since the depeity is changing by only alout 10U percent
at tha most, we have used o = 1.6 Lin our analyeis. With the initial aolil
density of 1770 kg/m? and an incidect wave speed of 220 m/s and the cor-
renponding values for che bar (8100 kg/m? snd 4860 w/s} we find that u,/u
= 40. and P,/P_ = $.39. Wwith this scale factor for the velocities at th
tranésitiad ln‘nrhc-. we can use Ssaman’s wechnique to calculata the free-
field atress histories and find sstiafactory agreemeat with the calculated
streas ratfo.

RESULTS AMND DISCUSSION

The strees-strain paths observed in the gaa gun experiment snd the
four Hopkinson tar expariments are shown in Figure 3 along with a quasig-
tatic uvoiax. The strain rates in the Hopkinson bar tests teach 3000 a !
and the strain sccelerations reach sbout 2.3x10% ¢" 2. The Hopkinson bar
data are indistioguishable frow the static loading. The gas gur dats,
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Pigure 5. Vaelocity (upper) and stress (lower) histories measured at sample
intirfaces. (a) Tests 21 and 22. (b) Tests 23 avd 24.

which represeni s.rain rates up to 10* and 3x10* s ! and sccelerations up
to 6x107 872, 1lie substantiaily above the other curves. Becauss of the
similarity of strain rates at the lower end of the gas gun regime and the
upper ¢nd of the Hopkinson bar regime, the distinct bahavior of the soil in
the gas gun tests is probably due to inertial effects racher than to direct
strain-rate affects.

The loading behavior of this soll can be reproduced by a simple one-
dimensional 201l model which treats the scil as a collection of calls, each
composed of three elements. A typical cell consists of twe rigid half
cubes of a sand grain £ on a side s~parated by void and & pilluz of 2
3ingham material of dimension Axix%e¢_/(l-¢_), whera ¢_ and ¢_are the
volume fractions of clay and sand, iolpochvcly. By con.ld‘rlng the
strength, “viascous™ flow, and horisoctal and vertical imertia of the
deforming clay pillar, aleng with the inertia of the sand, the stress-
strain relation for this cell can be wiittean as

120 o 3uetele ¢ o0 22 o] ¢ P
) <% <% e cle J P J i R -
@ = Tamey + Wimemers + e, 0" (e ey * 3) 2 (.l + T )e,

vhere p_ and p_ are the densicies of the sand and clay, respectively, and
o, ir the otuS‘th and u the "viscosity” of the Bingham material.

At first glance, this appears a rather fearsome for .ulation. However,
of seven material properties in the expression (¢ , u, o, ¢, p_. 0 and
1), only the first two caunot be deatermined by Jtandadfa o811 innfyul
mexhods. The value of p_will be the grain density of :he sand fraction of
the soil. The value of can be calculated from the grain density of the
silt and clay fraction %hu the water content., Values for L, ¢ and ¢
will have distributions {n a typical e21l1, dut their mesn values® can b
determined readily from the standard grain-sisze analysias. PFor the soil
atudied, the mean valuass of ., and ¢_ are 0.27 gnd 0.13, respectively, and
+he mean grain size of the sand faction was assumed to be 0.3 am. The
sand was pradominantly quarts and feldspar, so we have takan p_ to be
2650 kg/m?. Ve estimate Pe to be about 2400 kg/mo. ¢

The low strain portion of the static behavior is most sensitive to the
distribuction of L and to Oy We have arsused g beta-distribution for LA

¢ 0.3 ¢, 2.23

P(e,) = l(l-5.1-15)(1-: ) l-: '
s [ 4
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Figures 6. Stress-strain paths in dry alluvium: —-—gtatic, Hopkinmon
bar, .-..--- gas gun, — — calculated static, X <calculated gas gun.

wvhere B is the »ata function. With a yield stress of 10 MPa we get a
static stress-strain curve as shown in Figure 6. With u = 163 Pa-s,
nejther the Hopkinson bar nor the gas gun response would ha appreclably
above the static curve in tlhe absence of inertisl effects. Alcthough we
have not yet calculated the complete loading path using the real strain
histories, the inertial effects would bring the stress-strain path close to
the measured gas guo response with the msajor inertial contribution beling
from the sand fraction. For example, the stress-strain point indicated by
the symbo. in Figure 6 would be predicted for the nominal strain, strain
rate and straic acceleration of the gas gun tests.

In simulating the bahavior of this soll we have merely selected 5 and
u to fit the data. T ere {(s an extensive literature on the rheology of
clay-water aixtures. For most such aixtuces, the strength and 'viscosity”
used here woull be high, but these properties are very sensitive to the
solids:wvater ratio at high solid concentrations [«,3]., We have been unablc
to locate any data for mixtures as Ary as the one considered, and ax-
trapolation from four times our watar contents can gilve values or the order
of thcee used here. However, we have little counfideuce {no the
axtrapolations.

This soil model is cliarly very simplified and requires extensive fur-
ther deve)opmunt before Lt covld he considered predictive. Nevertheless,
it doen permit aome evalustion of the relative importance of itnertial ef-
fects and direct strain-rate effectes in soil. The model supports our
conclusion based solaly oo the data that the difference between the
response of dry alluvius to testing in the gas gun and testing at lower
rates i primarily attributable to ioertial effects.
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